Discrete self-assembled gold nanoparticle trimers and tetramers are prepared using branched DNA scaffolds and gold nanoparticles conjugated to single stranded DNA. Scaffold asymmetry is exploited to create controlled symmetric and asymmetric structures composed of 5 and 10 nm gold particles, which are characterized by gel electrophoresis and TEM. 
INTRODUCTION
Current investigations in nanomaterials have identified the need for greater control over the patterning of nanoscale components. The ability to program nanoparticle assemblies may be crucial to characterizing and directing their function.
1;2 Considerable effort has been directed towards investigating the effect of gold nanoparticle placement on the resulting plasmon resonance, since the physical properties of nanoparticles can be strongly influenced by surrounding nanoparticles. [3] [4] [5] [6] Neighboring nanoparticles can affect the resonance frequency in a distance-dependent manner, allowing electromagnetic energy to propagate along linear arrays. In this fashion, controlled arrangements of nanoparticles can be used to direct the propagation of light on a length scale smaller than the wavelength of the light itself. 7 Although many synthetic routes to nanoparticles of controlled morphology and composition have been established, the programmed spatial arrangement of nanoparticles remains a challenge. Arrays can be fabricated via AFM manipulation or e-beam lithography, 8 however self-assembly provides an attractive alternative if methods can be developed that allow sufficient control over feature size and geometry. Many avenues to self-assembly are currently under investigation, several of which take advantage of macromolecular elements from biological systems. [9] [10] [11] [12] A number of approaches employ the DNA-based assembly of nanoparticles. DNA functionalized with a thiol or amino moiety can undergo facile ligand exchange with citrate or phosphine coated gold nanoparticles to give DNA-Au conjugates. 13 Hybridization to a complementary single stranded oligonucleotide template can then be used to align nanoparticles at defined distances along a single DNA helix. [13] [14] [15] [16] [17] [18] Radial assemblies have also been generated by combining two types of nanoparticle conjugates, each bearing multiple copies of complementary single-stranded DNA. 19;20 Larger threedimensional arrays of programmed DNA have been prepared by Seeman 21 and Mao and co-workers, 22 and their use as scaffolds are currently under investigation. 23 More complex scaffolds can also be accessed using branched DNA, in which multiple sequences are attached in a nonlinear arrangement.
Branched DNA has recently been synthesized using solution phase coupling 24 as well as variations in solid phase techniques that incorporate the branching unit directly on the support 25;26 or within the DNA sequence. Preliminary studies using statistical conjugates indicate that phosphoramidite branched DNA will be an appropriate scaffold for nanoparticle assemblies. 27 Controlled conjugation is of primary importance in the formation of discrete DNA-based nanoparticle arrays. Several means to controlled conjugation have been investigated, including electrophoresis, 28 solid-phase methods, 29 and solution-phase extraction based on product solubility. 30 In the electrophoretic protocol used here, conjugation initially results in a statistical mixture of non-, mono-, and poly-conjugated Au particles based on the DNA:Au ratio used. Agarose gel electrophoresis of the mixture results in discrete bands corresponding to successive orders of conjugation, if the length of the conjugating DNA is great enough. Previously single-stranded 50-base oligonucleotides have been shown to give discrete bands when conjugated to 5 and 10 nm Au. 28 Bands can then be isolated from the gel, yielding purified conjugates of the desired order.
Here, the DNA-based self-assembly of discrete nanoparticle structures is explored, extending the scope and characterization of this approach with an investigation into the synthesis of gold nanoparticle trimer and tetramer arrangements, illustrated in Figure 1 . Since the DNA length required for conjugate purification is greater than the maximum arm length feasible for the synthesis of branched DNA on an automated synthesizer, two hybridization strategies are pursued. In the first design, the excess bases on the 50 base conjugate form a hairpin loop near the branch point, decreasing the maximum distance between nanoparticles in a single structure. In the second strategy, excess conjugate bases are moved to the exterior of the structure. This eliminates the possible steric issues caused by multiple tails at the branch point and allows formation of extended structures, which can potentially act as the basis of a switchable system if scaffold and conjugates are crosslinked covalently. Hybridized structures are separated by gel electrophoresis, resulting in discrete bands that are extracted and analyzed by 4 transmission electron microscopy (TEM). Band identities are suggested based on the number of hybridization events, and statistics and images from TEM analysis are provided to support the validity of the proposed structure. Such self-assembled arrangements represent a first step toward accessing complex arrays of nanoparticles with multiple branch points and nanoparticle sizes. 
MATERIALS AND METHODS
General Procedures. Citrate coated 5 and 10 nm gold particles with < 10 % deviation in diameter were purchased from Ted Pella (Redding, CA). In these solutions, nanoparticle concentrations were 5 approximately 80 nM for the 5 nm particles, and 10 nM for 10 nm particles. To prepare Au-DNA conjugates, 3΄-or 5΄-thiolated DNA was mixed with concentrated gold colloid in a molar ratio chosen to maximize the monoconjugate yield, typically 0.5 -2.0 DNA:Au. A final concentration of 50 mM NaCl was achieved using a solution of 250 mM NaCl, and the mixture was 7 incubated at room temperature for 1 hour before adding one-fifth volume 15% Ficoll loading buffer and loading into agarose gels. was heated briefly to 75˚ C to ensure complete melting of the DNA strands and then allowed to cool slowly to room temperature overnight in order to form stable duplexes. Typically, a 1.5-fold molar excess of conjugates was used in order to maximize the number of hybridized structures. Following overnight incubation, the sample was analyzed by agarose gel electrophoresis. Bands were isolated using the filter paper and dialysis membrane procedure described for the Au-DNA conjugates.
Synthesis of Internal Hairpin Au-DNA Tetramer. To prepare the symmetric tetramer, the DNA trimers AB 2 and A´B 2 were hybridized with 6 equivalents of 10 nm Au-B´H conjugate in 50 mM NaCl using the hybridization protocol described for the trimer synthesis. Gel electrophoresis was also performed as described previously, and the sample was extracted using a crush and soak procedure in which each band was cut out, finely chopped, and gently agitated in 50 µL 0.5 X TBE for 5 minutes prior to preparation of TEM grids.
Synthesis of External Hairpin and Extended Au-DNA Tetramers. Symmetric external hairpin and
extended Au-DNA tetramers were prepared and extracted as described for the internal hairpin tetramer.
In this case trimers AB 2 and A´B 2 were hybridized with 6 equivalents of 10 nm Au-HB´ conjugate and 0 or 12 equivalents of H΄ for external hairpin and extended structures, respectively. analysis, and TEM were performed as described above.
Synthesis of Asymmetric
Statistics. Statistical analysis was performed on micrographs from each grid using either literature procedure 31 or visual inspection to determine the percentage of particles participating in tetramer, trimer, dimer, and other groupings. Micrographs were first evaluated by Image Pro Plus graphics analysis software (Media Cybernetics, Inc.) to maximize the contrast between the particles and background. The number and distance between particles were counted, and the resulting data analyzed using a Labview (National Instruments) program. A particle was considered to be part of a tetramer if three and only three other particles were within an appropriate distance for connection via the DNA scaffold, approximately 30 nm for internal hairpin tetramers and 55 nm for external hairpin and extended tetramers. This distance is calculated to be the sum of the lengths of the three scaffold arms, the length of the branch points, twice the length of the six-carbon thiolating linker, and twice the radius of the gold particles. For internal hairpin trimers, the same criteria were applied to groups of three particles; distance calculations assuming a single scaffold give a diameter of approximately 20 nm. It should be noted that although each 18 base hybridizing arm is shorter than the persistence length of helical DNA, 34;35 the conformational flexibility at the branch points of the scaffold and at the thiol attachment points make it possible for all particles in a hybridized structure to lie in contact with one another. Tetramer diameters were also evaluated using Image Pro Plus software, taking the diameter of a structure to be the maximum distance between particle centers.
RESULTS AND DISCUSSION
Design of Self-Assembled Au-DNA Complexes. Gold nanoparticles were arranged on a DNA scaffold to generate both symmetric and asymmetric trimers and tetramers as illustrated in Figure 1 . The branched DNA was synthesized on solid phase in the 3´ to 5´ direction to produce a three armed dendritic structure comprised of one unique and two duplicate sequences. Internal hairpin structures were formed from conjugates in which the hairpin sequence was positioned near the branch point of the scaffold; for external hairpin and extended structures, the hairpin sequence was proximal to the nanoparticle, placing it at the exterior edge of the scaffold. In the extended architecture, linear unthiolated sequence H΄ was also added to prevent hairpin formation. For asymmetric structures, a non-hybridizing tail of sequence N was used. 
Synthesis and Characterization of Three Symmetric 10 nm Au-DNA Tetramers.
Having successfully synthesized and purified gold nanoparticle trimers using a branched DNA scaffold, this approach was elaborated using two complementary branched DNA trimers to provide a more complex scaffold. Three versions of the tetramer architecture were explored. Two branched scaffolds AB 2 and A΄BB 2 were 13 prepared and hybridized with appropriate conjugates to form the three tetramer structures shown in Figure 1 : Au-B΄H to generate the internal hairpin tetramer, Au-HB' for the external hairpin, and both Au-HB' and H΄ for the extended structure. Each design has a different potential benefit: internal hairpins guarantee a small distance between nanoparticles in a single structure; external hairpins likely provide similar particle spacing, but without the potential steric issues caused by hairpins near the branch point; addition of complementary DNA to linearize the hairpin is expected to increase interparticle distances, but may facilitate conjugate hybridization since the hybridizing sequence will not be folded back toward the nanoparticle surface. In addition, the external hairpin and extended structures could be developed as a bistable or 'switchable' system in which the interparticle distance could be varied with temperature or with the addition of the H΄ extending sequence. This functionality would rely on the covalent crosslinking of scaffold to scaffold and scaffold to conjugate, since the melting temperatures of the 18-base scaffold arms and the hairpin sequence are similar. Comparison of retention values across the three tetramer architectures shows that bands are similarly retained even with differences in structure organization. One likely explanation is that structures migrate through the gel in a partially collapsed form, in agreement with previous findings for the behavior of Au-DNA conjugates. 31 Thus, little difference is expected when comparing the migrations of internal hairpin structures to those of external hairpin structures.
Visual analysis of band optical densities reveals that in both outside-hairpin and extended structures, the desired tetramer structure (band 8) is formed in significantly higher yield than for the inside-hairpin structure. While band 8 is extremely faint in the inside-hairpin gel even at high sample loadings (8 pmol Au-DNA conjugate), it is clearly visible in both external hairpin and extended gels at much lower loading (2.5 pmol). Further, the increased percentage of conjugate hybridization (reduced band 2 intensity) in the extended structure gel implies that straightening of the hairpin facilitates scaffoldconjugate hybridization. In both outside-hairpin and extended hybridizations, single-scaffold dimers appear to be the primary product, suggesting that the central arm of the tetramer is the weak link in both the external hairpin and extended structures. Ongoing experiments involve exploration of methods for increasing the extent and stability of central arm hybridization, including covalent crosslinking and modification of the central arm sequence. Realizing this goal should greatly increase tetramer yields, which are currently quite low.
Transmission electron micrographs were used to evaluate nanoparticle organization in tetramer hybridization samples before and after electrophoretic purification. Statistical analysis of TEM micrographs from an unpurified external hairpin hybridization sample shows nanoparticles participate 15 in groupings in ratios that appear to correlate with the optical densities of the bands observed in the gel:
38% monomer, 33% dimer, 20% trimer, and 9% tetramer (excluding 11% higher-order aggregates). high-order aggregates were observed in micrographs from most grids, it is believed that some amount of structural reorganization is induced by the extraction and grid preparation processes, however the extent of reorganization is far greater in the internal hairpin samples. Importantly, the large majority of particles participating in a single structure type per band in both external hairpin and extended structures seems to indicate that each discrete band initially contains structures of a single type, and that optimization of the extraction procedure will yield samples of pure dimers, trimers, and tetramers.
Diameters were determined for all tetramers extracted from band 8 of the extended and external hairpin hybridization gels, with the diameter taken to be the maximum distance between centers of two particles in a single grouping. Theoretical maximum diameters were calculated to be 55 and 32 nm, respectively, for the extended and external hairpin structures, assuming that hairpins remained intact and flexible points adopt their most extended configurations. Observed mean diameters were found to be 44 and 35 nm, with a significant number of diameters within 1 nm of each calculated maximum.
Although the mean diameter of the extended structure is greater than that of the external hairpin as expected, it is also well below the theoretical maximum. This result is not unreasonable given that a nick near the midpoint of each arm allows considerable rotation, which can only decrease the interparticle distances. For the external hairpin structure, 46% the diameters were within 1 nm of the 16 calculated maximum for a structure with intact hairpins. However, 30% of the diameters were also between the calculated maxima for the intact external hairpin and the extended structures, suggesting that one or more of the four hairpins may partially unwind, allowing the conjugated gold particle to move farther from the others in the structure. Expanding the Synthetic Capabilities: Asymmetric Assemblies.
The asymmetric nature of the branched DNA scaffold was further exploited for the synthesis of selfassembled asymmetric trimer and tetramer structures containing both 5 nm and 10 nm gold particles, as shown in Figure 6 . Trimers were prepared using 5 nm Au-B΄H and 10 nm Au-HA΄ conjugates and an AB 2 scaffold. Tetramers were prepared using scaffolds A΄BB 2 , and AC 2 , along with 10 nm Au-B´H and 5 nm Au-C´N. Electrophoretic behavior of asymmetric assemblies has not yet been investigated in detail, but is expected to be more complex, since more types of partial assemblies are possible, and 5 nm and 10 nm conjugates impact structure migration differently. Further, since 5 nm and 10 nm Au particles have different extinction coefficients, band optical density is more difficult to correlate with the number of structures present in the band. In each asymmetric structure sample, the highest band was extracted from the agarose gel and analyzed by TEM ( Figure 6 and Supporting Information). The target assemblies were present in micrographs for both the trimer and tetramer structures, in addition to lowerorder structures and aggregates. Future experiments will utilize asymmetric assemblies to further probe the conformations adopted at flexible points in the structure. 
CONCLUSION
Branched DNA scaffolds and gold nanoparticles conjugated to single strands of thiolated linear DNA have been hybridized to give discrete nanoparticle trimers and tetramers of controlled composition, as evidenced by gel electrophoresis and TEM. Three tetramer architectures were investigated, and though the extended architecture resulted in the highest degree of conjugate hybridization, both external hairpin and extended conformations produced tetramer assemblies in similar yields as measured by gel band intensities. Micrographs from extracted gel bands show that a large majority of particles from each band participate in a single type of grouping (tetramers, trimers, dimers, etc.), suggesting that each discrete band in the gel corresponds to a specific structure type, and indicating that development of an optimized band extraction procedure will make gel electrophoresis purification appropriate for isolation of a variety of nanoparticle assemblies.
Ongoing experiments focus on increasing tetramer yield and forming a bistable DNA-Au structure through covalent crosslinking of scaffolds and conjugates. Crosslinking of exterior hairpins may also provide a means to achieve accurate close placement of even larger nanoparticles, which currently require long conjugate sequences (> 100 bases) for monoconjugate purification. Additionally, use of a more rigid branching moiety in the scaffold will reduce conformational flexibility, resulting in more predictable structure geometry. Optical experiments will be performed on assemblies in solution, using dark-field microscopy to probe the plasmon coupling behavior of trimer and tetramer structures. SYNOPSIS TOC (Word Style "SN_Synopsis_TOC").
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